A new nuclear fuel cycle is described which provides a long term supply of nuclear fuel for the thermal LWR nuclear power reactors and eliminates the need for long-term storage of radioactive waste. Fissile fuel is produced by the Spallator which depends on the production of spallation neutrons by the interaction of high energy (1 to 2 GeV) protons on a heavy metal target. The neutrons are absorbed in a surrounding natural uranium or thorium blanket in which fissile Pu-239 or U-233 is produced. Advances in linear accelerator technology makes it possible to design and construct a high beam current continuous wave proton linac for production purposes. The target is similar to a sub-critical reactor and produces heat which is converted to electricity for supplying the linac. The Spallator is a selfsufficient fuel producer, which can compete with the fast breeder. The APEX fuel cycle depends on recycling the transuranics and long-lived fission products while extracting the stable and short-lived fission products when reprocessing the fuel. Transmutation and decay within the fuel cycle and decay of the short-lived fission products external to the fuel cycle eliminates the need for long-term geological age storage of fission product waste.
Introduction
It is well known that Purex nuclear fuel reprocessing for the civilian power program was primarily derived from the need to produce weapons grade plutonium. Thus Pu-239 is solvent extracted with tributyl phosphate (TBP) from an aqueous nitrate solution of spent fission fuel and the Pu-239 is then recovered and concentrated for mixing with fresh uranium oxide to make up the fuel in a thermal nuclear power reactorl. Actually no fuel reprocessing has been performed for the civilian power economy since deferment of reprocessing was instituted by the Non-proliferation Act of 1976. Thus, most of the reprocessing that has occurred was for the weapons program. The effluent high level waste from these production plants contain up to about 2% of the Pu-239 originally present in the spent fuel from the convertor reactor together with the fission products. The high-level waste from the fuel reprocessing plants have been stored to date, on-site in large engineered storage tanks. Much work is now being conducted to solidify this high level waste for placement in underground excavations for geological age storage in so-called waste isolation facilities. Because of the Pu-239 content, which has a 26,000 year half-life, this waste requires storage for a quarter of a million years (10 half-lives) to decay to biologically acceptable background level, along with other long-lived transuranics (Pu, Am, Cm, Np, etc.). The longest-lived and biologically most hazardous fission products are Cs-137 and Sr-90, both of which have half-lives of approximately 30 years, require at least 300 years to decay to background. Actually the bulk of the present waste consists of 80 million gallons stored at the weapons materials production plants. The main radioactive products, in this aged waste consists of Pu, and Cs and Sr fission products. The civilian fuel as mentioned above is not being reprocessed presently, but is being stored in pools at the power reactor sites. Eventually these elements will either have to be reprocessed or disposed of.
Weapons materials require high concentrations (>20%) of the high grade-high purity fissile material (Pu-239, U-235 or U-233). For the thermal fission nuclear burner power reactors, for example, the light water reactors (LWRs), one does not need to concentrate fissile U-235 (natural) or Pu-239 (made from uranium 238) or even U-233 (made from thorium) to these higher levels for use in the power reactor fuel elements. The fissile fuel concentration in the fuel elements need only be in the order of 2% to 4% to be able to function in a light water power reactor LWR.
We are proposing an alternate new fuel cycle which eliminates the radioactive fission product waste effluent and thus avoids long-lived geological age radioactive waste storage2'3 and supplies fissile fuel for the LWR power reactor. For all intents and purposes this fuel cycle does not have any radioactive waste effluent. Only non-radioactive stable waste which does not have to be stored in a waste isolation facility and can be disposed of in a normal fashion to the environment is produced by the system.
Apex Fuel Cycle
The fuel cycle consists of chemically reprocessing LWR spent fuel which has been aged for 1 to 2 years. The reprocessing removes the stable nonradioactive (NRFP, e.g. the lanthanides, etc.) and short-lived fission products (SLFP) with half-lives of <1 to 2 years and returns, in dilute form, the longlived transuranics (TU's, e.g., Pu, Am, Cm, Np, etc.) and long-lived fission products (LLFP's, e.g. mainly the 30 year half-life Cs, Sr, and 10 year Kr and 16 million year I, etc.) to be refabricated into fresh LWR fuel elements. The fissile transuranics (the odd mass-numbered) will fission and the fertile transuranics (the even mass-numbered) will be converted to fissile transuranics in the thermal nuclear power reactor. The TU's have large thermal neutron crosssections and can either be readily fissioned or converted from fertile material (FM) to The S-diketonate chelating chemistry has been tried out in the laboratory for complexing and separating transuranics but has never been developed into a fuel processing scheme.5 The basic physical chemistry of the process is available in the literature and has been extensively used as an analytical procedure.4 At present, it is visualized that the U02 from the spent fuel elements will be contacted with the organic B-diketonate chelating agent at temperatures in the order of 1000 to 2000C to extract most of the fission products and some transuranics, leaving the bulk of the uranium and plutonium undissolved. The metal complexing chelating agents have been successfully used in extraction of metallic ore bodies and analyzed by gas phase chromatography.4 It is proposed to develop this basic analytical procedure into a process which can extract and partition the TUs and FPs. The type of diketonate and the reaction conditions will be one of the major objectives of the proposed research and development task. This R and D will determine the feasibility and the process conditions necessary to obtain the optimum desired separation and partitioning of the non-radioactive (NRFP) stable and short-lived isotopes (SLFP) from the long-lived transuranics (TUs) and fission products (LLFPs). Once the organometallic compounds of the stable and short-lived fission products (SLFPs) are formed these compounds will be separated and refined by distillation. Distillation is possible because of the widely differing vapor pressures and volatilities between the TUs and FP chelates.4
One of the possible chelating agents is organically 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione, briefly referred to as fod. The chelating reaction of spent U02 fuel can be represented as follows:
Fod is a stable organic liquid which can be readily handled in the atmosphere. For process purposes, closed reaction vessels are preferred since elevated temperatures will be necessary. By extraction of the U02 and distillation of the organo-metallic chelate, a separation and partitioning will be obtained, whereby stable (NRFP) and short-lived products (SLFPs) and the long-lived fission products (LLFPs) will be distilled out from the transuranics (TUs). The vapor pressures of the lanthanide chelates have values of over 10 mm Hg at 2000C while that of the uranium and plutonium chelates are as low as 10-3 mm Hg,5 thus the relative volatility is large (104) and a very large separation factor becomes possible. The fod reagent may be recovered by either extraction with another solvent or by hydrogen reduction. If these are not efficient, the chelated organo-metallic compound can be roasted back to oxide and the fluorine gas will be recovered for reforming the fod chelating agent. The detailed process chemistry has yet to be worked out in an R and D program. Because of the relatively small mass of fission products, the cost per unit of power produced in the total fuel cycle is negligible. Fod is made from relatively cheap organic materials, e.g. acetone, propionic acid, and fluorine, so that make up of fod losses should not be costly.
The organic chelating agent is stable in the presence of air and water to temperatures of more than 1000C, however, the radiation stability of the chelating agent must also be determined. Some decomposition can be tolerated because of the relative low cost of the reagent in the total fuel cycle cost. Fluorine substitution in the organic structure of the chelating agent increases its chemical and radiation stability. It is important to note that fod is only one of a number of reagents of the B-diketonate class, so that there is a large degree of flexibility in process design with this class of compounds.
The recovered uranium, plutonium, transuranic and long-lived fission products (Cs and Sr) are mixed together and fabricated back into a fuel pellet. In this fabrication procedure, make up fertile and, if desired, fissile fuel are added to the mixed oxide for production of an LWR zircaloy clad fuel element. If U-235 from an enrichment plant is available, this can be used to makeup fissile fuel. However, this would eventually deplete all the natural U-235 and the nuclear industry would then come to a halt unless a breeder reactor becomes available. It is preferred to have a Spallator make up the fissile material inventory for assuring long-term fuel supply for an LWR power reactor economy. The Chelox process can also be applied to the fast breeder cycle, however, because of the advantageous LWR economics, present deployment and acceptability, a Spallator supplying fuel to a number of LWRs is preferred.
The Spallator for Fissile Fuel Production
The Spallator employs a linear accelerator (LINAC) to generate a high energy proton (1 to 2 GeV) which impinges on a U°2 target and produces spallation neutrons which can be absorbed in fertile material to produce fissile Pu-239.2,6 The neutron yield is sufficient so that one 600 MW(e) beam Spallator can supply nine 1000 MW(e) LWRs with fuel throughout the life span of the LWR power reactors. High energy and fast fission produce heat in the target which can be converted to steam to generate the electrical energy necessary to drive the accelerator. The Spallator is a self-reliant machine with internal circulation of power. In contrast to the breeder it is not a net producer of power, nor is it a net consumer of power. It only produces fissile fuel for burner (thermal) power reactors. The fast breeder reactor (FBR) is a dual purpose machine since it produces fuel in addition to power, whereas the Spallator is a single purpose machine producing only fuel and is thus decoupled from the utility power grid.
The Spallator consists of two major parts: a linear accelerator (LINAC) and a spallation target. Over the past 50 years the LINAC has been developed into a highly reliable and efficient research tool. Figure 1 shows the main features of the accelerator. There is much confidence that a high current (300 ma at 2 GeV proton) continuous wave (CW) production accelerator can be constructed at a reasonable cost.6
The target is essentially a subcritical assembly resembling a power reactor without control rods. Figure 2 shows the target reactor design for the Spallator. Water cooled pressurized Zr tubes house Zr clad U02 target assemblies. The proton beam is magnetically spread into a fan shape which scans the target tubes by means of a magnet drive. The pie shape of the target is to produce a "hohlraum" to minimize leakage of reflected neutrons. In this manner, the energy density of the beam on the target is also maintained at a level which prevents damage to the target structure. Table 1 indicates the design characteristics and the production capacity of the Spallator. The basic neutron yield for a U02 target from spallation, and high energy and fast fission, has been calculated to be equivalent to a net production of 94 fissile atoms per GeV-proton and is backed up by experiment and neutronic model calculations .78 The fuel to moderator volume ratio in the target is 2.37. There is a power producing region in the Spallator which is behind the under moderated production section and has a fuel to moderator volume ratio of 0.5. The peaking power density is not any higher than in an LWR. The yield indicated is for re-enriching the spent U02 from the LWRs which would have fissile concentration of approximately 2.5%. The target reactor is designed to provide just enough heat to power the accelerator. A conservative accelerator efficiency of 50% (line energy to beam energy) and a target power cycle efficiency of 33% were assumed. At a 75% plant factor the production rate of the machine is 3300 Kg/yr of Pu which is enough to provide fuel on an equilibrium basis for nine 1000 MW(e) LWRs. Although the Spallator target is subject to decay heat it is a subcritical assembly which shuts down when the beam is turned off. In this respect it is safer than an LWR. A flow sheet of the entire APEX process concept is given in the attached Figure 3 . The Chelox fuel reprocessing scheme is shown in Figure 4 . It should also be noted that the non-radioactive (NRFP) and short-lived fission products (SLFP of <1 to 2 years half-life) are stored in tanks for periods in the order of 20 years to decay these isotopes to background before disposing of them to the environment or placing them back into the U mines as stable nonradioactive fission products (NRFP). These may also be used for new stable isotope sources which are not available in nature. Figures 5 and 6 show calculations for recycling the transuranics and the Cs and Sr in accordance with the flowsheet shown in Figure 3 . As can be seen, the TUs quickly reach equilibrium on recycling and also add fissile fuel in the normal way that a thermal reactor converts fertile to fissile fuel which then fissions and produces power. With internal fuel cycle storage of the Cs and Sr, these are decayed and reach near asymptotic values in the fuel cycle as given by the data shown in Figure 5 . The neutron economy penalty in the LWR is small because of the small thermal neutron cross sections and limiting the concentration through decay in intermediate process storage vessels. Most of the conversion of the Cs and Sr is by means of the decay mechanism and a smaller portion is by transmutation through neutron absorption in the Spallator and LWRs. Any transmutation will hasten the approach to an equilibrium concentration value for the LLFPs. (1) develop the reprocessing chemistry of the organic chelating process, (2) develop in detail the entire APEX fuel cycle flowsheet design, and (3) make a realistic economic assessment. It is realized that we are recommending a new approach for the nuclear industry which may take a good deal of development funds and a number of years to reach commercialization, however, it should take much less than the almost 40 years it took the U.S. to get to the present position, with the same unsolved problems of fuel and waste still facing us. Unless the nuclear industry takes a new approach and solves the problems of concern to the public, we may not have a nuclear industry to be concerned about. There is still some opportunity for the country and industry to attempt to take a path divergent from the well-known path. We may find it to be a short-cut to establishing a firmer nuclear industry. The APEX system with Spallator and Chelox appears potentially technically sound and economically viable.
